We report a number of technical refinements for single and double staining with post-embedding electron microscopy for glutamate, aspartate, and y-aminobutyric acid. Best results were obtained with 2.5% glutaraldehyde in the fixative and by minimizing the duration of plastic polymerization and the interval between cutting and reacting. Quantitative documentation of the ability of exogenous glutamate, aspartate, and y-aminobutyric acid to block their immune staining is provided. Increased intensity of staining with the glutamate and aspartate antisera resulted from pre-incubation of glutamate antiserum with aspartate and aspartate antiserum with glutamate. To perform double staining with antisera raised in the same species, it was necessary to block antigenicity of the first antiserum; best results were obtained with hot paraformaldehyde fumes. By using a detergent instead of etching, these methods permitted the simultaneous visualization of tracers to identlfy neuroanatomic pathways. (JHistochem Cyrochem &:IO1 1-1020,1992) 
Introduction
Amino acid neurotransmitters are ubiquitous in the mammalian central nervous system. It appears likely that y-aminobutyric acid (GABA) is the major inhibitory neurotransmitter, and evidence that glutamate and aspartate are major excitatory neurotransmitters has accumulated over many years (McGeer et al., 1987) . A variety of biochemical and autoradiographic techniques have been used to study the distribution of these amino acids in the CNS. Antibodies prepared against amino acids conjugated to antigenic proteins can be quite specific; immunocytochemistry using these antibodies has proved to be a sensitive tool for both light and electron microscopic studies (Van den Pol et al., 1990; Chagnaud et al., 1989; Liu et al., 1989; Ottersen, 1989; Hepler et al., 1988; Aoki et al., 1987; Campistron et al., 1986; Mad1 et al., 1986; Matute and Streit, 1986; Somogyi et al., 1985; Storm-Mathisen et al., 1983) . The most persuasive immunocytochemical evidence for identification of neurotransmitters in a given pathway is their demonstration in axon terminals (Zhang et al., 1990) , which can only be achieved with electron microscopy (EM). For this purpose two strategies are available. Pre-embedding immunocytochemistry is highly fixationsensitive and suffers from problems of interpretation related to limited and unpredictable antibody penetration (Priestly and Cuello, 1983) . This method is not readily suitable for quantitative study; moreover, the ultrastructure is not optimal, because of the Supported by USPHS grants NS 12440 and 16264. Correspondence to: Dr. Aldo Rustioni, Dept. of Cell Biology and Anatomy, CB#7090, University of North Carolina, Chapel Hill, NC 27599. need for low-glutaraldehyde fixation and lengthy processing before osmication. Post-embedding immunocytochemistry avoids these problems, permitting quantitative study of well-preserved material at the EM level (Tracey et al., 1991; De Zeeuw et al., 1989; Ottersen, 1989; . EM post-embedding immunocytochemistry allows the simultaneous visualization of two or more antigens. In this article we report the steps that, in our experience, are required for consistently successful single or double post-embedding immunocytochemical staining for glutamate, aspartate, and GABA. The method is also compatible with anterograde labeling of synaptic pathways, thus avoiding complications associated with the use of alternate serial sections (Broman and Ottersen, 1992) .
Materials and Methods
Male Sprague-Dawley rats (200-400 g) were deeply anesthetized with sodium pentobarbital (50 mg/kg) and inuacardidy perfused with heparinized saline, followed by mixed aldehyde fixative. Primary &rent fibers terminating in superficial laminae of the spinal cord were identified in some cases by injections oflecdn-conjugated horseradish peroxidase (WGA-HRP; Sigma, St Louis, MO) in the sciatic nerve 1-3 days before sacrifice. The best combination of ultrastructure and immune staining was with 0.5% depolymerized paraformaldehyde (Sigma), 2.5 % glutaraldehyde (Electron Microscopy Sciences; Ft Washington, PA), and 0.1% picric acid (Fisher; Pittsburgh, PA) in 0.1 M phosphate buffer (pH 7.4). The spinal cord segments receiving sciatic nerve afferents were then removed and post-fixed for 1-12 hr in the same fixative.
Fifty-pm vibratome sections were collected in phosphate buffer. In animals that had received WGA-HRP injections, peroxidase histochemis-try was performed with tetramethylbentidine, using a tungstate stabilizer (Weinberg and Van Eyck, 1991) . Processed sections were rinsed in 0.1 M phosphate buffer (pH 6.0) and treated for 1 hr with 1% osmium tetroxide in the same buffer. Osmicated sections were rinsed in phosphate buffer, then in 0.1 M maleate buffer (pH 6.0). stained en bloc in 1% uranyl acetate in maleate buffer, rinsed in maleate, dehydrated in graded ethanols into propylene oxide, and infiltrated with Epon-Spurr resin owmight. Sections were then wafer-embedded between two strips of ACLAR plastic (Ted Pella; Redding, CA), sandwiched and flattened between glass microscope slides, and polymerized at 60'C. Regions of interest were cut from wafers and mounted with cyanoacrylate glue (Kraty Glue Pen; B. Jadow, New York, NY) on plastic blocks. Thin sections (silver to goM) were cut with a diamond knife.
We found the following protocols to give the best results.
Protocol for Single Staining. For all steps, grids were submerged by slipping into drops on silicone pad. They were then washed for 5 min in TBST 7.6 (0.05 M %is, pH 7.6, with 0.9% NaCl and 0.1% Triton X-loo). All rinse and diluent solutions were filtered through an 0.45-km membrane filter (Gelman; Ann Arbor, MI) before use. After draining by touching to Kimwipe, grids were incubated in primary antibody overnight in a moist chamber at room temperature. The following polyclonal primary antibodies (raised in rabbits) were used: anti-glutamate (Arnel, Brooklyn, W, diluted to 1:500.000-1:1,000,000 in TBST 7.6); anti-aspartate (Arnel; 1:10,000-1:20,000 in TBST, pH 7.6); and anti-GABA (Arnel; 1:10,000 in TBST 7.6). Grids were then washed twice for 5 min and once for 30 min in TBST 7.6. After 5 min of conditioning in TBST 8.2 (0.05 M Tris, pH 8.2, with 0.9% NaCl and 0.1% Triton X-lOo), grids were incubated for 1 hr in goat anti-rabbit IgG conjugated to gold (Amersham, Arlington Heights, IL, for 10 and 15 nm; E-Y Labs, San Mateo, CA, for 20 nm) diluted 1:25 in TBST 8.2. They were then washed twice in TBST 7.6 and rinsed in deionized water by transferring all grids to drops, gently dipping 10 times in each of three 10-ml beakers, and floating them on top of fresh drbps. Grids were then removed and allowed to air-dry in forceps.
Protocol for Double Staining. After completion of the single staining protocol, binding sites were deactivated over paraformaldehyde vapors in an 80'C oven for 1 hr. Grids were then washed in TBST 7.6 for 5 min and incubated in second primary antibody (using dilutions as above) in TBST 7.6 overnight in a moist chamber. Grids were washed twice in TBST 7.6 for 5 min and washed again in the same solution for 30 min before conditioning in TBST 8.2 for 5 min. They were then incubated in secondary antibody conjugated to gold (of a different size) diluted 1:25 in TBST 8.2 for 1 hr, washed twice in TBST 7.6 for 5 min, rinsed in deionized Water as above, and post-stained with uranyl acetate and Sato's lead citrate.
Controls. Specificity of the immunostaining was evaluated by absorption experiments in which the primary antiserum was exposed to an excess of the appropriate antigen (see Results). Method specificity was controlled by the application of rabbit pre-immune serum, as well as by the processing of a series of immunoreactions in which various stages were omitted from the regular staining sequence.
Data Collection and Analysii. Grids were viewed on a JEOL 20OCX electron microscope at 80 kV. Data were collected on-line by selecting random terminals anterogradely labeled with WGA-HRP and counting gold particles within each terminal (excluding mitochondria). By fading to measure area, this approach is inherently inaccurate, as only the number of particles per profile is computed, not their density. For more accurate measurements, micrographs of random fields containing anterogradely labeled terminals (at original magnification of x 14.000-20.000) were taken. For manual analysis, negatives were printed at final magnification of x 50.000-100,000. Dendrites, myelinated axons, WGA-HRF'-labeled terminals. or glia were outlined (excluding mitochondria). Particles were counted and areas measured with a data tablet, permitting computation of staining density.
For automated analysis, negatives were scanned with a Newicon camera with Canon macro lens feeding into a Hamamatsu C-2400 video amplifier. Images were captured with a Data Translations m-2851/2858 frame grabber/accelerator and analyzed on a PC with a customized user module running under ImagePro 11. After background subtraction (to correct for uneven illumination), a digital sharpening filter was applied (InouE, 1986); particles were defined by interactive thresholding for size and pixel brightness. Regions of the captured frame displayed on a color monitor (including terminals, dendrites, axons, and glia) were outlined with a mouse. The program then counted particles, computing areas and particle densities. For double immune staining, particle diameter windows were interactively defined, based on histograms of the particle dimensions. False-color images of the two sizes of particles were displayed at the appropriate sites on the computer-generated images.
Gold particles were virtually absent over capillary lumina. Taking this as "background" level, the tissue was generally stained above background. This may be related to the diffuse presence of retained antigen. Certain tissue elements, however, contained a particle density well above average; these were judged to be selectively stained. Differences in particle densities in different structures and under different experimental conditions were assessed for statistical significance using two-sided t-tests; except as otherwise described, "significant" means that the null hypothesis could be rejected at the p<o.oS level.
Results

Pre-reaction Steps
Various combinations of fixatives were tested, including paraformaldehyde, glutaraldehyde, and Cyanamide (carbodiimide; Fluka, Buchs, Switzerland) in concentrations ranging from 0.2-4%. Immunoreactivity was reduced when fixatives containing <2 YO glutaraldehyde were used. Polymerization of the plastic for more than 24 hr at 60°C depressed immunoreactivity. Immunoreactivity degraded with time after thin sectioning: best results were achieved when immunoreaction began within 24 hr of cutting.
Etching
Most post-embedding protocols (Bendayan and Zollinger, 1983) involve treatment with various solvents and redox reagents to remove osmium and plastic, thus exposing antigenic sites and restoring their affinity for antibody. Several etching protocols were tried, including those described by Somogyi and Solttsz (1986) , De Biasi and Rustioni (1988) , and Ottersen et al. (1988) . Although satisfactory immune staining could be achieved with these methods, the results were not consistently successful. Ultrastructure was often degraded by the etching, especially when double immune staining was performed; moreover, the processing eliminated crystals of WGA-HRP reaction product, making it impossible to study terminals of defined afferent pathways except by alternate serial sections (Broman and Ottersen, 1992; Somogyi and Solttsz, 1986 ). To permit these combined studies, we have instead incorporated Triton X-100 in our buffers as suggested by De Zeeuw et al. (1988) . In our hands, this approach gave excellent immune staining without the problems associated with etching ( Figure 1 ).
Single Staining
Grids. In the presence of Triton, tissue sections mounted on Formvar-coated slot grids exhibited severe wrinkling unless they were exposed to xylene vapors before collection. This was not a problem with uncoated mesh grids; a tendency for sections to float off the mesh grids was prevented by using a Coat-Quick "G" Pen (Kiyota International; Elk Grove Village, IL), which improved adhesion of sections. Sections on mesh grids also yielded better immune staining and were more suitable for high-resolution photography.
Primary Antibody Concentration. The glutamate antibody was tested in dilutions from 1:1000-1:5,000,000. Glutamate immune staining had higher background when the primary antibody was more concentrated than 1:100,000; staining was most clearly selective for terminals with dilutions between 1:100,000 and 1:1,000,000 (Figures 2A, 2C, and 2E ). Our usual working dilution for glutamate was 1:500,000. The aspartate and GABA antibodies ( Figures  2B, 2D . and 2F) were tested in dilutions from 1:lOOO-1:40,000 and 1:500-1:500,000, respectively; best results were obtained with dilutions of 1:20,000 and 1:10,000, respectively. Absorption Tests. Pre-absorption of each of the three antisera with the corresponding amino acid reduced immune staining (Figure 3) . Consistent with ELISA (Petrusz et al., unpublished observations) and light microscopic densitometry (Tracey et al., 1991; Petrusz et al., 1990) , addition of aspartate to the glutamate antiserum (and vice versa) increased the density of the EM staining. Greatest increases in staining intensity were seen when 1 mM of the other antigen was added to the primary antibody 4-8 hr before incubation of the tissue.
Deactivation for Double Staining
As all antisera were from rabbits, successful staining with the secondary primary antibody required deactivation of any rabbit IgG molecules remaining from the first primary antibody treatment. Deactivation techniques tested included drying in air, incubating over paraformaldehyde fumes (Wang and Larsson, 1985) . and soaking in formalin solutions at various temperatures for 20 min to 4 hr. To evaluate the effects of these techniques, sections were processed for single staining with the primary antibody visualized by large (20 nm) gold particles coupled to goat anti-rabbit IgG. After deactivation treatment, sections were immediately incubated in goat anti-rabbit IgG coupled to small (10 nm) gold particles. The large particles thus indicated the staining before deactivation, whereas the small particles representing binding sites "left over" from the staining before deactivation: the fewer the small particles, the more complete the deactivation (Table 1) .
After drying at room temperature, 22-36% of the particles were small. Heating at 80'C reduced this to 3-7%; heating grids at 80'C ing with GABA and glutamate or aspartate, we routinely used the glutamate or aspartate antiserum as the first primary and the anti- centrations of their corresponding amino acids before immunocytochemical _ .
-GABA as second (Figure 5) ; for double staining with glutamate and aspartate we routinely used glutamate first (Figures 6A and 6B) .
Quantzj%atio n
Particle counts of anterogradely labeled primary afferent terminals verified that they wtrc significantly enriched in glutamate and aspartate, in comparison with other elements of the neuropil (Figures  7 and 8) . Similar rcsults were obtained with manual and automated measurements. When performed carefully by trained personnel, manual measurements (Figures 6A and 6B) were practical and at least as accurate as automated measurements. However, automation offered benefits for analysis of double immune stained material: (a) it removed the possibilityofobserver bias; and (b) by generating false-color images a clearer visual impression of staining could be obtained (Figures 6C and 6D) .
,.
. Sce text and Figure 4 for details. Drying in air at 80% for 1 hr. (C) Drying at 80°C for 1 hr over paraformaldehyde crystals. Counts relative to these different treatments are shown in Table 1 . Bar = 0.5 vm.
PHEND, WEINBERG. RUSTIOM -. . . . Figure 5 . Two examples of double staining with 10-and 20-nm particles. (A) Small particles code for glutamate and large particle code for GABA. The synaptic ending in the center of A (asterisk) is stained for glutamate. Other vesicle-containing profiles (arrowheads) are stained for GABA. (E) Small particles (short arrows) code for aspartate and large particles (long arrows) code for glutamate; the only recognizable doublestained profile is the large primary afferent terminal. Bar = 0.5 pm.
Discussion
Our goal in this study was immunocytochemical techniques for identifying neurotransmitters used by specific groups Of neurons. Early studies directed at this goal used light microscopy of pre-embedded material. This technique suffers from at least two problems: Fint, since synaptic be reliably identified with light microscopy, inferences as to synaptic trans-mitter must be based on staining of somata. This inference is not necessarily valid in all cases (Zhang et al.. 1990) . Light microscopic methods are most readily interpretable when the immune staining for a substance (e.g., a peptide or enzyme) synthesized in the cell body, Particularly when anterograde transport is dismpted by colchicine. Even then, there are uncertainties over such issues as whether colchicine might induce synthesis of substances not nor-and I Figure 6. (A,B) Photomicrographs from consecutive sections showing the same terminal of a primary afferent, as determined by the presence of WGA-HRP crystals, double stained for glutamate (10-nm particles) and aspartate (20-nm particles). The density of particles over the terminal in the two sections agrees closely: counts are 50 and 21 for glutamate and aspartate, respectively, in A and 48 and 19, respectively, in E. (C) A computer-generated gray-scale image from the same negative as in A: small particles (glutamate) have been coded as white squares and large particles (aspartate) as black squares. (Color was avoided in this case to facilitate reproduction.) The distribution of squares in C is reproduced in D without gray-scale image for easier display of particle density. Outlined in white is the primary afferent terminal and in black the dendrite postsynaptic to it. Bar = 0.5 pm.
Terminals n = 14
Dendrites n=20 mally present (Rethelyi et al., 1989) . With GABA, which has no known function except as a neurotransmitter, immune staining of cell bodies is likely to indicate that GABA is released at the terminals. However, for glutamate and aspartate, which have important cellular functions unrelated to neurotransmission, interpretation of cell body staining is more uncertain. Second, the intensity of immune staining for amino acids in cells may vary within a single section (Tracey et al., 1991; Walberg et al., 1990) . Even when quantitative density measurements are made, the limited penetration of antibody makes it difficult to know whether variation in staining density is due to variation in penetration or in antigen concentration.
In contrast, EM post-embedding techniques allow direct sampling of terminals and, by virtue of their "quantal" staining, are well-suited for quantitative studies (Ottersen, 1989) . Of the three antibodies studied, the selectivity of staining was highest for GABA and lowest for aspartate. These variations are likely to reflect differences in neurons in vivo: GABA appears to be present only in trace quantities except in cells that use GABA as transmitter, whereas glutamate shows less extreme variations in concentration. The available evidence on aspartate as a neurotransmitter is controversial and suggests that aspartate may be released in lower quantities than glutamate (Skilling et al., 1988) . This implies that aspartate is present in terminals in a lower concentration than glutamate, explaining its lower selectivity.
There was almost complete co-localization of aspartate and glutamate in primary afferent terminals within superficial spinal laminae. This result is consistent with previous work from our lab (Tracey et al., 1991) but at variance with other reports (Merighi et al., 1991; Maxwell et al., 1990) . These discrepancies may reflect differences in primary antibodies or protocols. The possibility that incomplete deactivation might explain these results is remote; our deactiva- tion tests verLfy the efficacy of the method (see also Wang and Larsson, 1985) . Also, glutamate and aspartate staining levels are very low in GABA-positive terminals (stained with a primary antibody also raised in rabbits). Moreover, nearly all terminals labeled by the anterograde tracer stain positive for glutamate and aspartate even when separate grids are reacted for each antibody.
Etching
Epon-Spurr and related hydrophobic plastics are usually thought to prevent penetration of antibodies more than a few nanometers into the tissue; for this reason, post-embedding immunocytochemistry usually begins with an etching protocol intended to remove plastic. Procedures to remove osmium are also used to restore antigenicity; however, both of these procedures degrade ultrastructure, especially when double staining is performed. In our experience, immune staining is optimal without these procedures. This may be related to the antigens: amino acids are smaller molecules than the peptides for which etching procedures were first developed, and are therefore more likely to present relevant epitopes at the surface. By lowering surface tension, detergents such as Triton X-100 are likely to improve antibody access to the non-polar plastic interface of the section. De-osmication may serve no purpose, as osmium appears to have little affinity for non-sulfated amino acids such as glutamate and aspartate.
Specij%ity/sensitiuity
The high working dilutions of the antisera suggest that they have a high affiity for their respective antigens. Previous studies demonstrated that the glutamate and aspartate antibodies used in this work show little crossreactivity with most other antigens likely to be in terminals (Petrusz et al., 1990; Hepler et al., 1988) . However, significant crossreaction may be found to several Krebs cycle intermediates, such as succinate, indicating that mitochondria should be excluded when terminal staining is evaluated. Several glutamateand aspartate-containing dipeptides (but not N-acetyl aspartylglutamate) have also been found to crossreact to some degree with these antibodies. Therefore, immunocytochemical results may not reliably distinguish glutamate and aspartate from these dipeptides; however, in view of their high levels in terminals, one can conclude that glutamate and aspartate are the most likely major contributors to the observed terminal staining (Burger et al., 1989;  Ottersen, 1989). The demonstration that free glutamate and aspartate block immune staining for their own antibodies, but not for the opposite antibodies, supports the likelihood that the observed staining in fact represents sites containing these antigens.
Our GABA antibody has been less thoroughly characterized, but its highly selective staining within the tissue argues in favor of its specificity for GABA. The almost perfect reciprocity of terminal staining for GABA vs glutamate/aspartate indicates that none of these antibodies bind appreciably to any antigen ubiquitous to terminals.
Pre-absorption
Although previous studies had shown little or no crossreactivity between the glutamate antiserum and aspartate, nor between the aspartate antiserum and glutamate, we routinely pre-absorbed each antibody against the complementary antigen, to minimize the possibility that co-localization could be explained by crossreactivity. An unexpected result was our finding that staining in terminals was increased by this pre-absorption. The same increase after preabsorption has been found in light microscopic pre-embedding staining and ELISA tests with these antibodies (Tracey et al., 1991; Petrusz et al., 1990; Petrusz et al., unpublished observations) . This seemingly paradoxical result may be more common than usually reported (Halmi et al., 1975) . A possible explanation is that, by preventing binding of antigenic sites by low-affinity antibody clones, this pre-absorption permits optimal binding of the highest-affinity clones, which are unlikely to be washed off during subsequent processing. Alternatively, this effect may result from a complex interaction between the hapten, the primary antibody, and anti-idiotypic antibodies (Hall, 1987) .
